Hematological abnormalities occur regularly during acute human cytomegalovirus (CMV) infections. CMV mononucleosis, with atypical circulating lymphocytes, lymphadenopathy, and splenomegaly, constitutes a well-described clinical syndrome and occurs in 5 to 10% of patients who receive massive blood transfusions (20) . The isolation of CMV from human lymphoid tissues has been reported (31, 35) , and the importance of lymphocytes in the maintenance of CMV latency has been underlined by the occurrence of post-transfusion CMV mononucleosis (8, 20) . Furthermore, CMV has also been isolated from lymphoid tissues of mice infected with murine CMV (13, 23, 24, (27) (28) (29) 34) . Thus, it appears that in both hosts, mononuclear cells can become latently infected with CMV. However, detection of virus in the blood of normal blood donors has rarely been accomplished, and little is known about the involvement of the spleen and bone marrow during human CMV infection.
Similarities have been described between the effects of guinea pig and human CMV on their respective hosts (1, 4, 5, 11, 14-16, 19, 32) . Nevertheless, no information is available on the involvement of hematopoietic and lymphoid tissues and cells during CMV infection of guinea pigs, although viremia has been demonstrated during acute infection (14) . Through use of the guinea pig model, this study determines the participation of hematopoietic and lymphoid cells in the establishment of acute and chronic CMV infection. Blood parameters, histopathology, and immunological topology were correlated with virus distribution in bone marrow, spleen, thymus, and lymph nodes to define the effects of primary CMV infection on blood, bone marrow, and lymphoid tissues. The information obtained in the guinea pig model may have considerable implications for the elucidation of host defense mechanisms against CMV infection, CMV infections in bone marrow transplant patients, and pathogenesis of CMV mononucleOSiS.
MATERIALS AND METHODS
Virus strain and animal inoculation. The prototype strain of guinea pig CMV (no. 22122; American Type Culture Collection, Rockville, Md.) was used. The preparation of salivary gland-passaged guinea pig CMV viral stocks has been described previously ( (Fig. 3) . Virus was detected in the macrophage and B-and T-cell fractions as early as 3 days post-inoculation. Infectivity titers peaked at 7 days post-inoculation in all cell fractions. Guinea pig CMV infectivity titers decreased first in the macrophage fractions; by day 13, titers were low to undetectable. Both B-and T-lymphocyte fractions showed a slower decline in virus titer after day 7. However, guinea pig CMV was completely eliminated from the Tlymphocyte fraction by day 16; thereafter, virus could no longer be recovered from that fraction. Guinea pig CMV was found to persist longer in the B-cell fraction, although on day 60, virus was recovered only occasionally, and in low titers, from the B-lymphocyte and the macrophage fractions of two of six animals tested.
Spleen histopathology. In comparison to that of normal guinea pigs, the splenic red pulp of guinea pig CMV-infected animals showed a two-to threefold increase of erythrocyte precursors from 3 to 13 days after inoculation. Scattered, small areas of eosinophilic necrosis and histiocytes with abnormal nuclei and ingesting erythrocytes were present. No differences were seen between control animals and animals infected for 1 month or longer.
No stimulation was seen in the B-and T-cell areas before day 5 after virus inoculation. The B-cell-dependent lymphoid nodules developed some germinal centers on days 5 and 7; the germinal centers became numerous and large, with many mitoses and tingeable bodies on days 11 and 13, but were seldom seen at 2 months and thereafter. The T-cell-dependent periarteriolar lymphoid sheath cells, on the other hand, were very active from days 5 to 11, with mitoses, tingeable bodies, and eosinophils, but returned to normal on day 13 and thereafter. Distinct virus-induced inclusions were not seen in the spleen, although the bizarre nuclei of histiocytes in the red pulp area on days 3 to 11 were com--LJ Virus recovery from bone marrow, thymus, and lymph nodes. The frequency of guinea pig CMV recovery from bone marrow, thymus, and cervical lymph nodes is shown in present at all times tested, and no inclusions were seen. However, examination of Wrightstained bone marrow smears showed that the myeloid-erythroid ratios (MIE ratio) were decreased in CMV-infected guinea pigs during the first 2 weeks after inoculation. The mean MIE ratio + SE of control guinea pigs was 1.69 ± 0.11, whereas values in guinea pig CMV-infected animals were 0.59 ± 0.04, 0.40 ± 0.10, and 2.25 + 0.51 on days 7, 14, and 28 post-inoculation, respectively. Abnormalities and inclusions were not noted at any time in the thymus of the infected animals.
Axillary, cervical, and mesenteric lymph nodes were examined histologically. The mean size ± SE of 16 lymph nodes obtained from four control guinea pigs was 2.9 + 1.4 mm. In contrast, lymph nodes from infected guinea pigs measured 3.4 + 0.6 mm, 5.9 ± 0.6 mm, and 6.2 + 0.9 mm at 5, 13, and 30 days post-inoculation, respectively. (Detailed information on the lymphadenopathy will be reported separately.) Histiocytes with abnormal nuclei were present in lymph nodes of infected guinea pigs on days 5 through 13, including a few with Cowdry type A inclusions. These histiocytes were seen throughout the node, especially in the medulla, and were actively phagocytizing erythrocytes. The draining subaxillary nodes near the site of virus inoculation were very large on day 7 and contained many of these histiocytes. Small areas of coagulative necrosis were also noted. The predominantly B-cell-dependent outer cortex was not stimulated until day 7 in some of the animals; by day 11 and for the rest of the first month, many germinal centers were noted in all lymph nodes examined. Animals examined at intervals from 2 to 12 months after inoculation had outer cortexes resembling those seen in uninfected guinea pigs. The predominately T-celldependent paracortical areas of most nodes were stimulated as early as 5 days and up to 1 month after inoculation. By 2 months or more after infection, the T-cell areas had returned to normal. DISCUSSION Several animal models are available for the study of CMV infection. Previous studies have shown that the guinea pig model of CMV infection is unique because its pathogenesis resembles that of human CMV infection, the occurrence of intrauterine infections during primary maternal guinea pig CMV infection being of special importance (4, 11, 16, 19) . The present study demonstrates that guinea pig CMV infection in the adult randomly bred Hartley guinea pig involves the hematopoietic and lymphoid tissues, resulting in a condition similar to human CMV mononucleosis.
CMV mononucleosis in humans has been observed in otherwise healthy individuals (18) or in subjects who have received blood transfusions. It may present with leukopenia, but the peak period of leukocytosis is usually found relatively late in the disease (18) . Atypical lymphocytes are commonly observed, and the acute disease is generally mild and limited. Occasionally, a more severe clinical picture is seen in children when autoimmune hemolytic anemia is associated with acute CMV infection (6, 31, 35) . In such patients, severe anemia, thrombopenia, and neutropenia are sometimes noted, along with splenomegaly, lymphadenopathy, and circulating atypical lymphocytes. Osborn and Shahidi (28) showed that in mice infected with murine CMV, anemia, leukocytosis, and thrombocytosis occurred during week 1 after inoculation of sublethal doses of murine CMV. The hematological alterations observed in guinea pigs during acute guinea pig CMV infection resemble those described for human and sublethal murine CMV infections. The appearance and regression of these hematological changes correlated with the highest virus infectivity titers and/or frequency of virus in the blood, bone marrow, spleen, thymus, and lymph nodes. In addition, enlargement of lymph nodes and spleen was noted. Increased spleen mass included both an increase in erythropoietic tissues and in immune-activated lymphoid tissue. The alterations of splenic erythrocyte precursors and bone marrow myeloid-erythroid ratios appear to reflect an increase in erythropoiesis. Although it is possible that many changes in the peripheral blood parameters are due to the direct effect of virus infection, the increased phagocytic activity in many histiocytes of the lymph node and spleen might also account for the anemia by removal of circulating erythrocytes. It is not known whether the mononucleosis-like syndrome observed in guinea pigs is due to an immunological response to CMV infection involving B-and T-cell interactions as has been suggested in Epstein-Barr virus mononucleosis (30, 33) .
Human CMV has been isolated from lymph nodes and spleen during acute infection, but has not been recovered frequently from the blood of healthy donors (8, 26) . In the mouse model, CMV has been isolated from lymphoid tissues during acute infection (13, 23, 24, 29) . It has been demonstrated that the virus is able to infect and persist in mouse macrophages (2, 3, 25) as well as in mouse B-and T-lymphocytes (27, 34 Histological signs of active viral infection were limited to days 3 to 11 post-inoculation, when altered histiocytes were seen in lymphoid tissues with a few cells containing intranuclear inclusions or foci of eosinophilic necrosis. The timing and sequence of T-cell area stimulation, followed by B-cell area activation, observed during guinea pig CMV infection seemed to duplicate the pattern seen in guinea pigs and other species when animals were immunized with any antigen, classically with sheep erythrocytes (12, 17, 21, 22) . Lymphoid tissues appeared to differ from the salivary gland in that fully developed intranuclear inclusions were rarely seen in lymphoid tissue, although small inclusions have been observed in the lymph nodes of 3 out of 50 guinea pigs with natural CMV infection (7). In general, salivary gland tissue contains well-developed intranuclear and intracytoplasmic inclusions from day 9 up to 2 months after infection (9) . The response to CMV may be modified in lymphoid cells as compared to salivary gland cells. The infecting dose, the route of inoculation, and the strain of animal may also play important roles in the involvement of lymphoid tissues during CMV infection. Indeed, Mims and Gould (24) have shown that necrosis of the spleen with intranuclear inclusions were seen only with certain strains of mice and after inoculation of large doses of murine CMV. Significant replication of murine CMV was necessary for splenic necrosis to develop. Further, lymph node histopathology was observed only after footpad inoculation, but not after intraperitoneal inoculation (24) . The present study is concerned specifically with the nonlethal, self-limited CMV infection of guinea pigs, which generally does not produce significant tissue necrosis, with intranuclear inclusions. However, we have reported previously that death occurs in 17 to 28% of guinea pigs inoculated during pregnancy (11) . In addition, other studies in progress in our laboratory have indicated that intranuclear inclusions could be found in the spleen, lymph nodes, and bone marrow of severely ill animals inoculated with large doses of infectious virus. The latter will be reported separately.
The present report has demonstrated that CMV infection in guinea pigs involves the blood, bone marrow, and lymphoid tissues, producing a syndrome analogous to human CMV mononucleosis. The consequences of CMV infection in cells of the immune system on host defense mechanisms remain to be determined. The guinea pig model of CMV infection may be a useful tool for studying host immune responses during CMV infection. Furthermore, questions regarding the pathogenesis of CMV mononucleosis and CMV infection in marrow transplant recipients may also be ultimately answered.
